Intratumor phenotypic heterogeneity poses a major challenge for designing effective therapies for high-grade carcinomas including breast cancers ([@r1]). In the case of carcinomas, much of this heterogeneity within the neoplastic cell populations is due to the operations of the cell-biological program termed the epithelial--mesenchymal transition (EMT). By enabling phenotypic cell plasticity, an EMT program can shift carcinoma cells to various phenotypic states arrayed along the epithelial (E) to mesenchymal (M) spectrum ([@r2], [@r3]). In the context of carcinoma development, epithelial carcinoma cells that have activated their EMT programs gain, in addition to certain mesenchymal traits, stem-like characteristics, increased drug resistance, invasiveness, and metastatic ability ([@r4]). Recent reports have concluded that in order for tumor progression and metastasis to proceed, the activation of an EMT program needs to be transient and reversible ([@r5][@r6]--[@r7]).

A cohort of contextual signals governs activation of EMT programs and their associated phenotypes within carcinoma cells. Signals such as TGF-β and Wnt ligands that these cells receive from their microenvironment work together with cell-intrinsic signaling to provoke the expression of various EMT-inducing transcription factors (EMT-TFs), such as Zeb1, Twist, and Snail ([@r8][@r9]--[@r10]). Wnt ligands, in particular, can activate β-catenin--dependent canonical as well as β-catenin--independent noncanonical Wnt signaling. Canonical Wnt signaling is preferentially activated in stem cells ([@r11]), whereas noncanonical Wnt signaling, which can be further subdivided into calcium-dependent and planar cell polarity (PCP) downstream signaling pathways, has been associated with migration and invasion ([@r12], [@r13]). The specific downstream signaling responses are highly dependent on the cellular context and on the identities of individual Wnt ligands, receptors, and coreceptors and have been reported to exert both oncogenic and tumor suppressive effects ([@r14][@r15][@r16]--[@r17]).

Previous reports have indicated that stable residence in a completely E or a completely M state is incompatible with the acquisition of stemness ([@r6], [@r18]). Instead, as recent data show, tumor cells with the highest stem cell capabilities reside in a hybrid E/M state ([@r19]). Such observations are compatible with two alternative mechanistic hypotheses: cells must exhibit phenotypic plasticity to move between these various states to acquire stemness, or alternatively, residence in the intermediate E/M state is critical to stemness, independent of phenotypic plasticity. Finally, computational models and in vitro data argue that under certain in vitro conditions, carcinoma cells can reside stably in such an E/M state ([@r2], [@r20][@r21][@r22]--[@r23]).

To address these questions, we used the marker combination CD104/CD44 to isolate E, hybrid E/M, and M cell populations ([@r19]) and tracked their E and M status during propagation in vitro and following xenograft implantation in mice. Furthermore, to identify the critical stemness pathways that drive entrance into the various cell states along the E--M spectrum, we analyzed the cells for cancer stem cell (CSC) markers and active CSC signaling programs.

We discovered that both in vitro and in vivo, certain breast cancer cells can reside stably and with low cell plasticity in a highly tumorigenic hybrid E/M state, which is driven by the Snail EMT-TF and canonical Wnt signaling. Forcing such cells into an entirely mesenchymal state, achieved by driving them through a complete EMT program, results in a poorly tumorigenic cell population under the control of Zeb1 and noncanonical Wnt signaling.

Results {#s1}
=======

Maintenance of the Hybrid E/M State in Vitro and in Vivo. {#s2}
---------------------------------------------------------

The importance of cell plasticity in driving the transition of poorly tumorigenic epithelial carcinoma cells into highly aggressive CSCs via induction of an EMT has been well described ([@r1], [@r2], [@r24]). Relatively little is known about the specific cell states along the E-to-M spectrum in which CSC populations reside and the role that cell plasticity plays in enabling them to function effectively as tumor-initiating cells. To address these questions, we employed the well-characterized human mammary epithelial (HMLER) cell culture model. These cells were immortalized by forced expression of hTERT and were then transformed by introduction of SV40 early-region genes and the *HRAS* V12 oncogene ([@r25], [@r26]).

To enrich for tumor cell populations with differing E versus M traits, we FACS-sorted HMLER cells through multiple successive cycles using the recently described CD104/CD44 cell surface marker combination ([@r19]) ([*SI Appendix*](https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1812876116/-/DCSupplemental)). This resulted in the highly pure E (CD104^+^CD44^low^), hybrid E/M (CD104^+^CD44^hi^), and xM (CD104^−^CD44^hi^) tumor cell subpopulations ([Fig. 1*A*](#fig01){ref-type="fig"}); the latter notation (xM) refers to cells that entered into a highly mesenchymal state with no apparent retention of epithelial markers, a state that we also refer to as the "extreme mesenchymal state."

![The stable hybrid E/M state is enriched for CSCs and is maintained in vivo. (*A*) FACS profiles for CD104 and CD44 of HMLER E, E/M, and xM populations. (*B*) Representative images of E, E/M, and xM cells by phase contrast (brightfield) and IF staining for Zeb1 and E-Cad/Vim/Krt8/18. Nuclei are visualized by DAPI. (*C*) Representative Western blot analysis of E, E/M, and xM cells for epithelial and mesenchymal markers of three independent lysates. (*D*) Quantitative PCR assessing levels of mRNA encoding various markers of the E, E/M, and M phenotypic states. (*E*) Model of the different E--M cell states based on the findings in [*Results*](#s1){ref-type="sec"}. Snail and Zeb1 indicate the EMT-TFs that are expressed at highest levels (in the E/M state in the case of Snail) or nuclear localization (in the xM state in the case of Zeb1). (*F*) Assessment by tumor weight of tumorigenicity and tumor growth ability of 1 × 10^5^ E, E/M, and xM cells injected orthotopically. Xenografts were extracted and analyzed 8 wk postimplantation. (*G*) Analysis of E, E/M, and xM tumor sections using H&E and IF staining for Krt/Zeb1. SV40 LgT staining was used to differentiate tumor cells from mouse stromal cells. Nuclei are visualized by DAPI staining. (*H*) FACS analysis for CD104 and CD44 expression of dissociated neoplastic cells of E, E/M, and xM tumors. (*I*) Quantitative analysis of tumor cells that have altered their original in vitro CD104/CD44 marker profile while growing in vivo over a period of 8 wk. \*\*\*\**P* \< 0.00005 (two-tailed *t* test). Data are presented as mean ± SEM. Scale bars, brightfield; H&E, 10 µm; IF, 1 µm in *B* and 2 µm in *G*.](pnas.1812876116fig01){#fig01}

We set out to characterize these populations in vitro for EMT-associated marker expression by FACS, immunofluorescence (IF), Western blot, and qPCR analyses ([Fig. 1 *A*--*D*](#fig01){ref-type="fig"}). As anticipated, E/M cells exhibited a mixture of E and M traits, including the simultaneous expression of CD104 and CD44 together with other E and M markers. Analysis of the mRNA transcript and protein levels for keratins (Krts), 5 and 8, and pan-cytokeratin IF staining revealed down-regulation of Krts in E/M cells relative to the E cells. In addition, the E/M cells lost all expression of E-cadherin mRNA and protein and gained instead expression of the mesenchymal marker vimentin and the Zeb1 EMT-TF ([Fig. 1 *A*--*D*](#fig01){ref-type="fig"}).

As gauged by Western blotting, total cellular Zeb1 protein levels were not significantly different between E/M and xM cells. IF as well as Western blot analysis of cell fractions revealed, however, that Zeb1 was predominantly localized in the nuclei of xM cells relative to the E/M cells, where it was also found in the cytoplasm. QPCR data demonstrated increased *ZEB1* transcript levels in cells that had undergone a complete EMT and entered into the highly mesenchymal xM state ([Fig. 1*D*](#fig01){ref-type="fig"}). These results were confirmed by comparing the HMLER cell system to transcript data of SUM159 human breast cancer cells that were sorted for CD104+ and CD104− cell populations, these being E/M and xM, respectively. SUM159 cells in the xM state expressed twice as much *ZEB1* as E/M cells ([*SI Appendix*, Fig. S6*B*](https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1812876116/-/DCSupplemental)) ([@r19]). Hence, the transcriptional functions of Zeb1 function, which is often depicted as the master regulator of the EMT program, appeared to be correlated largely with entrance into the xM cell state.

Western blot analyses of protein levels of the Slug and Twist EMT-TFs did not reveal major differences between the E, E/M, and xM populations, whereas Twist levels were elevated in both E/M and xM cells relative to E cells ([Fig. 1*C*](#fig01){ref-type="fig"}). Interestingly, levels of the Snail protein, which is known to be regulated posttranslationally ([@r27]), were significantly elevated (fivefold) in E/M cells relative to the xM cells ([Fig. 1*C*](#fig01){ref-type="fig"}), in contrast to corresponding transcript levels, which only increased 1.5-fold relative to E or xM cells ([Fig. 1*D*](#fig01){ref-type="fig"}). A similar elevation of around twofold in *Snail* transcript levels could be observed in SUM159 E/M cells compared with xM cells ([*SI Appendix*, Fig. S6*B*](https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1812876116/-/DCSupplemental)) ([@r19]). These observations revealed a differential expression of the EMT-TFs as cells move along the E--M spectrum, with Snail being up-regulated in the hybrid E/M cells and down-regulated in the xM cells, whereas high nuclear Zeb1 expression was observed in the xM cells, as demonstrated by IF ([Fig. 1*B*](#fig01){ref-type="fig"}; see [Fig. 4*D*](#fig04){ref-type="fig"}). These findings are summarized in [Fig. 1*E*](#fig01){ref-type="fig"}.

Because constitutive overexpression of Snail in various breast cancer cell lines has been associated with low tumorigenicity ([@r6], [@r18]), we analyzed the tumorigenicity and properties of tumors initiated by the E, E/M, and xM cells ([Fig. 1*F*](#fig01){ref-type="fig"}). Injections of cells into the mammary fat pad revealed that the highly purified E cells and the xM cells did not form robustly growing tumors in contrast to cells exhibiting the hybrid E/M phenotype. In particular, the E/M tumors were ∼10-fold larger than the tumors formed by the implanted E and xM cells ([Fig. 1*F*](#fig01){ref-type="fig"}). s.c. implantation of these cell populations at limiting dilutions, performed to determine the frequency of tumor-initiating CSCs, indicated that the frequency of CSCs in the E/M population was 122- and 3.7-fold higher than the corresponding CSC frequencies in E and xM populations, respectively ([*SI Appendix*, Fig. S1*C*](https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1812876116/-/DCSupplemental)). This reinforced the conclusion, previously made by others ([@r5][@r6]--[@r7], [@r28]), that the residence of carcinoma cells in phenotypic states at the two ends of the E--M spectrum renders them less capable of functioning as tumor-initiating CSCs. Taken together, the experiments also suggested that high Snail expression per se was not linked to low tumorigenicity.

The observed differences in tumor-initiating ability were accompanied by dramatic differences in tumor histology. H&E staining revealed that the tumors formed by both the implanted E and E/M tumors resembled carcinomas: E tumors presented an adenocarcinoma-like morphology, whereas E/M tumors exhibited morphological features of poorly differentiated carcinomas. The small xM tumors exhibited a highly sarcomatoid morphology, with less closely packed tumor cells and high infiltration by stromal cells ([Fig. 1*G*](#fig01){ref-type="fig"}). Moreover, the tumors formed by xM carcinoma cells displayed a dramatic infiltration of myofibroblasts, marked by α-smooth muscle actin (α-SMA) staining of mouse stromal cells, whereas the carcinoma cells (visualized by SV40 LT staining) in these tumors exhibited elevated nuclear Zeb1 staining compared with cells in the E/M tumors ([Fig. 1*G*](#fig01){ref-type="fig"} and [*SI Appendix*, Fig. S1*E*](https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1812876116/-/DCSupplemental)). We confirmed that expression of E-cadherin and Krt5 was absent and vimentin expression elevated in tumors formed by the implanted E/M and xM cells ([Fig. 1*G*](#fig01){ref-type="fig"}).

These data further corroborate our previously described IF analyses of these various cells in vitro. In particular, the increased Zeb1 expression observed in vitro and in vivo in xM cell-derived tumors suggested that Zeb1 expression was the key regulator of the transition to the highly mesenchymal cell state. We noted that myofibroblast-rich stromal microenvironments, such as that recruited by the xM carcinoma cells, have been shown to secrete high levels of the EMT-inducing factor TGF-β1 ([@r29], [@r30]). This suggests that xM tumor cells recruit a stromal microenvironment favorable to maintaining their own highly mesenchymal state.

We asked if residence in the E/M cell state was sufficient for tumorigenicity and speculated that pure E/M populations residing stably in this mixed phenotypic state possess tumor-initiating potential, doing so independent of their exhibiting phenotypic plasticity along the E--M axis. To address this, we analyzed the extent of plasticity of the E/M tumor cells, more specifically, their ability to remain in the E/M state and retain expression of the CD104 epithelial marker while growing within tumors in vivo.

Analysis of 10 individual tumors arising from implanted E/M cells indicated that seven of these robustly growing tumors contained E/M carcinoma cells that did not alter their high levels of CD104^+^/CD44^hi^ expression, as determined by FACS, and therefore remained entirely in an E/M state; the remaining tumors arising from implanted E/M cells contained carcinoma cells that had shifted spontaneously to a full CD104^−^/CD44^hi^ mesenchymal phenotype ([Fig. 1 *H* and *I*](#fig01){ref-type="fig"}). The relatively low degree of plasticity of the cells in the tumors retaining an E/M phenotype was further supported by the observation that the level of CD104 expression was uniform among all of the E/M cells within these E/M-initiated tumors, as indicated by the narrowness of the CD104 peak in the FACS plots ([*SI Appendix*, Fig. S1*G*](https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1812876116/-/DCSupplemental)). These data are consistent with the notion that residence in the E/M state was, on its own, sufficient for these cells to exhibit tumor-forming abilities.

The observations cited above provided the first indication that cell plasticity along the E--M axis could be uncoupled from the ability of tumor cells to initiate robustly growing tumors. Stated differently, the E/M cell population, which contained almost all of the tumor-initiating CSCs, did not seem to rely on E--M plasticity for tumorigenicity, at least as determined by CD104/CD44 marker analysis ([Fig. 1 *F*--*I*](#fig01){ref-type="fig"}).

Effects of Blocking Plasticity on Tumor Initiation and Outgrowth. {#s3}
-----------------------------------------------------------------

The apparent requirement for tumorigenicity of the concomitant expression by a cell population of E and M traits---as displayed by the E/M cells---was compatible with two alternative mechanistic hypotheses: (*i*) the E and M traits could be expressed by distinct subpopulations of carcinoma cells, each expressing one or the other phenotype and coexisting within the same tumor, or (*ii*) coexpression of E and M phenotypes within individual cells, as exemplified by the E/M cells described above, sufficed for tumorigenicity. To resolve between these alternatives, we asked whether the highly tumorigenic E/M cells coexpressing E and M markers could be replaced by a mixture of nonplastic xE and xM cells. Hypothetically, these two cell populations, working together, should contribute the E and M traits that might be required, in aggregate, to form robustly growing tumors, demonstrating an interdependence of the E and M subpopulations for successful tumor formation.

Specific strategies for creating such nonplastic cells were suggested by previous studies ([@r5][@r6]--[@r7], [@r28]). Thus, knocking down the *ZEB1* transcript with shRNA constructs resulted in cells that did not transit out of the highly epithelial state ([@r28], [@r31]). Other work demonstrated that forced constitutive overexpression of *ZEB1* would result in poorly tumorigenic, highly mesenchymal cells exhibiting low plasticity.

To trap cells in an entirely epithelial state, we used the CRISPR/Cas9 technology to completely eliminate Zeb1 expression in a population of single-cell--derived clones (SCC) of E cells. These E-SCC-Zeb1KO cells did not express Zeb1 and were termed xE-SCC-Zeb1KO cells ([*SI Appendix*](https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1812876116/-/DCSupplemental)).

Alternatively, to generate cells that were held in the xM state, we used an introduced expression vector that drives constitutive overexpression of Zeb1 in cells that were subsequently isolated as a single-cell clone, terming these the xM-SCC-Zeb1. These cells exhibited 20-fold higher Zeb1 expression relative to the corresponding M parental cells ([Fig. 2*A*](#fig02){ref-type="fig"} and [*SI Appendix*, Fig. S2*F*](https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1812876116/-/DCSupplemental)).

![Blocking plasticity reduces tumor formation and growth in xE and xM cells; this inability cannot be compensated by mixing xE and xM cells before implantation into an orthotopic site. (*A*) Representative Western blot analysis of parental HMLER and trapped xE/xM populations, E, E-SCC-Zeb1KO (EZ^KO^), M, and xM-SCCZeb1 (MZ) for epithelial and mesenchymal markers (SCC, single-cell clone). (*B*) FACS profiles for CD104 and CD44 of E, E-SCC-Zeb1KO, M, and xM-SCCZeb1 populations before implantation into host mice. (*C*) Assessment of tumorigenicity and tumor growth by tumor weight of orthotopic injection of E, EZ^KO^, M, MZ, and 1:1 mix of the trapped xE and xM populations. Data are presented as mean ± SEM. (*D*) Analysis of E, E-SCC-Zeb1KO, M, and xM-SCCZeb1 and 1:1 mix of the trapped xE and xM tumor sections using H&E. (*E*) FACS profiles for CD104 and CD44 of E, E-SCC-Zeb1KO, M, and xM-SCCZeb1 expression of dissociated neoplastic cells after they had grown in vivo for 8 wk. (Scale bars, 10 µm.)](pnas.1812876116fig02){#fig02}

We considered the E-SCC-Zeb1KO cells and the xM-SCC-Zeb1--overexpresser cells as being trapped in their respective phenotypic states at the two ends of the E--M spectrum; we confirmed this by FACS analysis using CD104 and CD44 marker expression ([Fig. 2*B*](#fig02){ref-type="fig"}). Comparing the xE and xM to the more heterogeneous E and M parental populations, we confirmed our hypothesis that a reduction of plasticity in either the xE or xM populations, each residing at an end of the E--M spectrum, resulted in reduced tumorigenicity. We observed a drop in tumor incidence from 66 to 13.5% when comparing E to xE tumor-bearing hosts, respectively. Similarly, 100% of the mice implanted with the M cells developed tumors compared with 13.5% of the mice bearing tumors seeded by the xM-SCC-Zeb1 cells; in addition, the CSC frequency in xM-SCC-Zeb1 cells dropped 63-fold relative to the parental M cells ([Fig. 2*C*](#fig02){ref-type="fig"} and [*SI Appendix*, Figs. S1*A* and S4*C*](https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1812876116/-/DCSupplemental)). The differences in tumor size were even more dramatic: tumors generated by xM-SCC-Zeb1 populations were 30-fold smaller than the M parental controls; similarly, the tumors generated by xE-SCC-Zeb1KOcells were 20-fold smaller than corresponding E cells. We also confirmed, using FACS analysis of dissociated tumor cells, that we could indeed prevent the majority of cells lodged in the extreme ends of the E--M spectrum from exiting their respective xE or xM states while growing in vivo ([Fig. 2*E*](#fig02){ref-type="fig"}). Taken together, these observations provided further substantiation that residence in these xE and xM states is counterproductive for tumor formation.

Histopathological analysis with H&E staining and IF of Krt5 and Zeb1 confirmed the phenotype of the various cell populations ([Fig. 2*D*](#fig02){ref-type="fig"}). Both E and xE cells immunostained positive for Krt5. The xE-SCC-Zeb1KO/xE tumors uniformly lacked detectable Zeb1 expression, whereas E control tumors demonstrated partial up-regulation of Zeb1 in individual cells ([*SI Appendix*, Fig. S2*H*](https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1812876116/-/DCSupplemental)). Tumors arising from the xM-SCC mesenchymal control cells were Krt5-negative and stained positive for Zeb1. Moreover, this strong Zeb1 IF staining confirmed the Zeb1 overexpression in the few smaller tumors that succeeded in growing out from the implanted xM-SCC-Zeb1 cells ([Fig. 2*E*](#fig02){ref-type="fig"} and [*SI Appendix*, Fig. S2*H*](https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1812876116/-/DCSupplemental)).

Of central importance, mixing equal proportions of the two extreme xE-SCC-Zeb1KO and xM-SCC-Zeb1 cells before implantation did not result in increased tumor seeding and outgrowth compared with that displayed by the individual xE or xM populations implanted separately ([Fig. 2*C*](#fig02){ref-type="fig"}). This demonstrated directly that simple interdependence of distinct E and M cell subpopulations within a tumor, each contributing either E or M functions, could not explain the observed requirement for phenotypically hybrid E/M cells in tumor formation. Stated differently, the coexpression of E and M traits within individual cells appeared to be essential for expression of high tumorigenicity.

Zeb1 Is Required for a Full EMT but Not for Tumor Formation. {#s4}
------------------------------------------------------------

The above observations extended and supported previous reports indicating that shifts between E and M states are governed by the actions of EMT-TFs ([@r8], [@r32]). Nevertheless, the specific roles of various EMT-TFs in controlling the residence in specific intermediate states along the E--M spectrum are still not well understood. For this reason, we explored the roles of several EMT-TFs in conveying cells into the E--M states described above.

As described above, immunoblot analyses indicated that protein levels of the Snail EMT-TF were significantly up-regulated in the E/M state but not in the xM state. This contrasted with the behavior of Zeb1 expression in the nucleus, which was seen largely in the xM state ([Fig. 1 *C*--*E* and *G*](#fig01){ref-type="fig"}; [Fig. 4*D*](#fig04){ref-type="fig"}). Accordingly, we hypothesized that Snail was more important for orchestrating the E/M state, whereas Zeb1 was more important for the xM state. To further test this notion, we forced E-SCC-Zeb1KO cells, which on their own resided in the fully epithelial xE state, to activate components of their silent EMT program. Knowing that Snail (Sn) is up-regulated in the E/M state, we introduced a constitutive Snail IRES tdTomato expression vector into both the E-SCC-Zeb1KO cells and the E-SCC controls, generating E-SCC-Zeb1KOSn cells and the E-SCCSn cells.

We confirmed that as anticipated, Zeb1 was not expressed following forced Snail EMT-TF expression in E-SCC-Zeb1KOSn single-cell clones in contrast to its expression in the isogenic E-SCCSn parental control cells ([@r33]), whereas nuclear Zeb1 was indeed readily detected in the control isogenic E-SCCSn clones, as determined by nuclear Zeb1 IF staining as well as immunoblotting ([*SI Appendix*, Figs. S3*A* and S5 *B* and *C*](https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1812876116/-/DCSupplemental)). Moreover, and most importantly, forced expression of Snail in the ZEB1KO cells pushed these cells from an E state into the hybrid E/M state but failed to move them further into the xM state. This contrasted with the responses of forced Snail expression in the E-SCCSn control cells, which could indeed activate endogenous Zeb1 expression in response to the actions of the introduced Snail and began to undergo a full EMT ([*SI Appendix*, Fig. S3*B*](https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1812876116/-/DCSupplemental)).

This limited movement of the E-SCC-Zeb1KOSn cells from a fully epithelial to the mixed E/M state was most unexpected, since high, experimentally induced levels of Snail expression usually succeeded in our hands in driving cells to the xM fully mesenchymal endpoint ([*SI Appendix*, Fig. S3 *A* and *B*](https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1812876116/-/DCSupplemental)). Indeed, after 3 wk of forced Snail expression, the E-SCCSn control cells had undergone a full EMT, which was indicated by their mesenchymal spindle-like cell morphology in monolayer culture, acquisition of a CD104^−^CD44^hi^ antigen phenotype, and EMT marker analysis by Western blot ([Fig. 3 *A* and *B*](#fig03){ref-type="fig"} and [*SI Appendix*, Fig. S5 *B* and *C*](https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1812876116/-/DCSupplemental)). In stark contrast, the E-SCC-Zeb1KOSn cells continued to express their hybrid E/M CD104^+^CD44^hi^ phenotype ([Fig. 3*B*](#fig03){ref-type="fig"}).

![Zeb1 is needed for a complete EMT, but the hybrid E/M cell state is sufficient for tumor formation. (*A*) Representative images of cell morphology of E-SCC, E-SCCSn, E-SCC-Zeb1KO, and E-SCC-Zeb1KOSn cells by phase contrast (brightfield) microscopy. (*B*) FACS profiles for CD104 and CD44 of E-SCC, E-SCCSn, E-SCC-Zeb1KO, and E-SCC-Zeb1KOSn populations. (*C*) Assessment of tumorigenicity and tumor growth by tumor weight of orthotopic injection E-SCC, E-SCCSn, E-SCC-Zeb1KO, and E-SCC-Zeb1KOSn populations. Data are presented as mean ± SEM. (*D*) Differences in tumor-initiating ability of E-SCC, E-SCCSn, E-SCC-Zeb1KO, and E-SCC-Zeb1KOSn cells upon transplantation at limiting dilutions into NOD/SCID mice. (*E*) Analysis of E-SCC, E-SCCSn, E-SCC-Zeb1KO, and E-SCC-Zeb1KOSn tumor sections using H&E and IF staining for Krt/Zeb1 or Snail. LgT staining was used to differentiate tumor cells from mouse stromal cells. Nucleus is visualized by DAPI staining. (Scale bars, brightfield; H&E, 10 µm; IF, 2 µm in *E*.)](pnas.1812876116fig03){#fig03}

We concluded that Snail could function in the absence of Zeb1 to push cells from an xE state into the E/M, hybrid phenotypic state; however, Zeb1 function appeared to be necessary to enable the further Snail-induced transition to a xM phenotype. The continued long-term residence of the E-SCC-Zeb1KOSn cells in the E/M state revealed that they could indeed reside indefinitely in this hybrid phenotypic state. Alternative EMT inducers, such as other EMT-TFs (Twist and Slug) or exposure to TGF-β1, a potent EMT inducer ([@r8]), elicited the same limited response in the E-SCC-Zeb1KO cells ([*SI Appendix*, Fig. S5](https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1812876116/-/DCSupplemental)).

Furthermore, we could confirm that this was not an idiosyncrasy of the HMLER cell system. Sum149 cells, modified in the same way as the E-SCC-ZEB1KO cells, displayed the same behavior. Sum149-SCC treated with TGF-β1 progressed to an xM state, whereas Sum149-SCC-ZEB1KO cells treated with TGF-β1 could only progress into an E/M state. This provided further support to the notion that Zeb1 expression is needed for completion of an EMT program and thus generation of highly mesenchymal xM cells ([*SI Appendix*, Fig. S4*A*](https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1812876116/-/DCSupplemental)).

We proceeded to test the tumor-forming abilities of the cells described above ([Fig. 3 *C* and *D*](#fig03){ref-type="fig"}). The epithelial clones (E-SCC and E-SCC-Zeb1KO) and the constitutive Snail-expressing mesenchymal cells (E-SCCSn) displayed poor tumor-initiating and outgrowth ability, revealing again that residence in either the xE or xM states was incompatible with efficient tumor initiation. In contrast, the E-SCC-Zeb1KOSn cells, which resided stably in an E/M state, produced tumors that grew up to a 200-fold larger size and displayed a 37-fold higher tumor-initiating frequency relative to the E-SCC and E-SCC-Zeb1KO controls, as gauged by limiting-dilution experiments ([Fig. 3*D*](#fig03){ref-type="fig"}). Most strikingly, the E-SCC-Zeb1KOSn cells retained their E/M phenotype in vivo, as determined by their CD104^+^CD44^hi^ FACS phenotype ([*SI Appendix*, Fig. S4*C*](https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1812876116/-/DCSupplemental)). Furthermore, IF of tumor sections clearly demonstrated that these cells continued to express high levels of the epithelial markers E-Cad and Krt5, despite high Snail expression ([Fig. 3*E*](#fig03){ref-type="fig"}). Consequently, this Zeb1 KO, Snail-overexpressing cell population displayed low plasticity along the E--M axis relative to the respective E (E-SCC and E-SCC-Zeb1KO) and xM like controls (E-SCCSn) but were nonetheless highly tumorigenic ([Fig. 3 *B*--*D*](#fig03){ref-type="fig"} and [*SI Appendix*, Fig. S4*C*](https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1812876116/-/DCSupplemental)). These observations, on their own, indicated that stable residence in the hybrid E/M state without detectable plasticity was compatible with high tumorigenicity, i.e., the ability to seed new tumors and to drive the rapid growth of those tumors. Stated differently, residence in the E/M state, rather than phenotypic plasticity (involving movement between phenotypic states along the E--M spectrum), was critical to tumor-initiating ability.

To further confirm that Zeb1 expression was critical for cells to advance from the E/M state to the fully mesenchymal xM state we introduced a CRISPR KO-resistant mutant form of the *ZEB1* gene (*ZEB1*mt) into both the E-SCC-Zeb1KO and E-SCC-Zeb1KOSn cells. As observed by FACS, we could reverse the effects of the ZEB1 KO and residence in the E/M state. Both E-SCC-Zeb1KO and E-SCC-Zeb1KOSn cells with restored Zeb1 expression were indeed now able to progress into a highly mesenchymal xM state ([*SI Appendix*, Fig. S5*A*](https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1812876116/-/DCSupplemental)). Hence, expression of Zeb1 was sufficient to drive cells into the xM phenotypic state and to maintain residence in this state.

Because the EMT-TF Snail was highly expressed in the spontaneously formed E/M subpopulation of HMLER cells, we undertook to determine whether the plasticity between cell states and the E/M state was dependent on ongoing Snail expression. For this purpose, we generated with CRISPR/Cas9 Snail KO HMLER cells (E-SCC-SnKO and xM-SCC-SnKO). The E-SCC-SnKO cells were able to undergo all stages of an EMT upon TGF-β1 treatment or Zeb1 overexpression ([*SI Appendix*, Fig. S5](https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1812876116/-/DCSupplemental)). However, similar to their E-SCC-Zeb1KO counterparts, without these external stimuli, these cells remained in an xE state with low tumor-forming capability. The same was true for the M-SCC-SnKO cells ([*SI Appendix*, Fig. S4*B*](https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1812876116/-/DCSupplemental)). This indicated that Snail KO enabled cells to remain in their existing xE or xM states and hindered them from moving spontaneously into the far more tumorigenic E/M state.

To summarize, these various observations point to the essential role of Zeb1 in permitting the progression of the studied cells to an xM state. Furthermore, the xM state itself was not necessary for tumor formation or growth, because E/M cells were sufficient to initiate tumor formation. Snail, an important driver of EMT and stemness in certain breast cancers ([@r34]), was highly up-regulated in the E/M state and, when knocked out in both the E-SCC or M-SCCs, resulted in maintenance of their residence in the xE or xM state with preservation of low tumorigenicity.

Transition from an E/M to an xM State Results in a Switch from Canonical Wnt to Noncanonical Wnt Signaling Maintained by Wnt5a. {#s5}
-------------------------------------------------------------------------------------------------------------------------------

To discover signaling pathways that define phenotypically distinct states along the E-to-M spectrum and are necessary for maintaining residence in these states, we clustered transcriptome analyses of the different E, E/M, and xM cell states. In doing so, we identified several gene clusters that were differentially expressed between the E, E/M, and xM populations in HMLER cells ([*SI Appendix*, Fig. S6*A*](https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1812876116/-/DCSupplemental)). Most prominent among these was the differential expression of EMT-TFs as described above and components of the Wnt pathway in HMLER and Sum159 cells ([*SI Appendix*, Fig. S6*B*](https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1812876116/-/DCSupplemental)). The canonical Wnt ligands WNT7A and WNT7B were elevated in both cell populations that expressed epithelial markers, i.e., the E and E/M cells. In stark contrast, in the xM cells, the transcript levels of WNT7A and WNT7B were down-regulated 20- and 7.5-fold, respectively, whereas the noncanonical Wnt ligand WNT5A was up-regulated almost 90-fold. This drastic up-regulation aligns with transcriptome data from SUM159 cells sorted for CD104+ E/M and CD104− xM populations, which demonstrated a 500-fold relative increase in WNT5A transcript in the CD104− xM cells ([@r19]).

Further analysis of the transcriptomes of these various cells also revealed that coreceptors of canonical (LRP5) and noncanonical (ROR2) Wnt signaling were elevated in E/M and xM cells, respectively ([*SI Appendix*, Fig. S6*B*](https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1812876116/-/DCSupplemental)). In light of the fact that cognate Wnt receptors were expressed in these two cell states, we concluded that the cited Wnts operated in both cases to drive autocrine signaling. Thus, the E and E/M states appear to be associated with canonical Wnt signaling, whereas the xM cells appeared to be associated with noncanonical Wnt signaling. We confirmed that transcript levels reflected the levels of encoded proteins by Western blot analyses ([Fig. 4*A*](#fig04){ref-type="fig"}).

![Canonical Wnt signaling is active in the E/M state, whereas the xM state is maintained through Wnt5a-driven noncanonical Wnt/PCP signaling. (*A*) Western blot analysis of E, E/M, and xM cells for canonical Wnt7A/B and noncanonical Wnt5A ligand expression. (*B*) Assessment of tumor growth by tumor weight after treatment without and with Dox (D) used to induce expression of Fzd8-CRD induction in implanted epithelial (E) cells for 4 wk. Data are presented as mean ± SEM. (*C*) Analysis of tumor sections using H&E of E tumors ± Dox treatment for Fzd8-CRD induction. (*D*) Western blot analysis of cell fractionations for E, E/M, and xM cells for canonical Wnt pathway regulators and activated downstream targets. Lamin A/C staining is used as nuclear and CoxIV as cytoplasmic loading control. (*E*) Western blot analysis of E, E/M, and xM cells for canonical Wnt pathway-activated downstream targets, using CoxIV and GAPDH as loading control. (*F*) Western blot analysis PAK-PBD agarose bead pull-down assay to visualize activated Rac1 for E, E/M, and xM cells. Lysate of the positive control sample (C) was pretreated with GTPγS. (*G*) Western blot analysis of E, E/M, and xM cells for noncanonical Wnt pathway-activated downstream targets. (*H*) Western blot analysis of Wnt5A KD in xM cells. (*I*) FACS profiles for CD104 and CD44 of xM shLacZ, xM sh1Wnt5A, and xM sh2Wnt5A cell populations. (Scale bars, H&E, 10 µm.)](pnas.1812876116fig04){#fig04}

To determine if the canonical Wnt7a/Wnt7b ligands were indeed functionally important for HMLER tumor formation, we tested whether blocking their downstream signaling affected tumor growth. Both Wnt7a and Wnt7b have been shown to signal through the canonical Wnt receptor Frizzled-8 (Fz8) ([@r35]). To test the importance of these two ligands for tumorigenicity, we used the doxycycline-(Dox)-inducible decoy receptor Fz8 cysteine-rich domain (CRD) ([@r36]). We injected Fz8-CRD-expressing epithelial HMLERs into mammary fat pads. After 4 wk, 50% of the mice were treated with Dox to block canonical Wnt signaling; 4 wk later, we observed an eightfold reduction in tumor size in mice treated with Dox compared with untreated mice ([Fig. 4*B*](#fig04){ref-type="fig"}). Histopathological analysis of Dox-treated tumors showed an increased infiltration of inflammatory cells and dying tumor cells compared with untreated tumors ([Fig. 4*C*](#fig04){ref-type="fig"}). By quenching all Wnt ligand--receptor interactions with the Fz8-CRD decoy construct, we confirmed the significance of ongoing Wnt signaling for robust tumor growth in the HMLER cell system.

Canonical Wnt signaling has been associated with stemness and breast cancer and can be gauged by the translocation of β-catenin to the nucleus, where it activates various downstream targets ([@r16], [@r17], [@r37]). Upon cell fractionation we could detect nuclear β-catenin by Western blots in all HMLER cells ([Fig. 4*D*](#fig04){ref-type="fig"}). GSK-3β inhibits β-catenin function in canonical Wnt signaling on two levels. In the nucleus it blocks β-catenin function by forming an inactive complex ([@r38]), whereas in the cytoplasm it phosphorylates β-catenin at its serine 33 and 37 and threonine 41 residues to mark it for degradation by the ubiquitin--proteasome complex ([@r39]). Consistent with these observations, we could detect by immunoblot twofold increased nuclear GSK-3β in xM cells compared with E and E/M cells ([Fig. 4*D*](#fig04){ref-type="fig"}), in addition to an up-regulation of phosphorylated β-catenin (P-β-catenin) using a serine 33 and 37 and threonine 41 phospho-specific antibody ([Fig. 4*E*](#fig04){ref-type="fig"}). Downstream signaling of canonical Wnt was monitored by LRP6 phosphorylation, MET, and TCF1 levels. TCF1 ([@r40]) was found to be strongly (∼fivefold) up-regulated in the E/M cells relative to xE and xM cells ([Fig. 4*E*](#fig04){ref-type="fig"}). This indicated that the stemness-promoting canonical Wnt signaling is up-regulated in the tumorigenic E/M cells and down-regulated in xM cells.

We previously reported that Wnt5a---an activator of noncanonical signaling ([@r15])---was expressed in HMLER-derived mesenchymal cells and that downstream targets of the noncanonical signaling pathway were activated ([@r41]). Consistent with this, xM cells, as defined by their CD104^−^/CD44^+^ FACS profile, expressed high Wnt5a levels as detected by Western blot relative to the E/M cells ([Fig. 4*A*](#fig04){ref-type="fig"}), suggesting that HMLER cells switched from canonical to noncanonical autocrine Wnt signaling upon transitioning from an E/M to the xM state.

In more detail, Wnt5a signaling can activate two major noncanonical downstream effector pathways: the PCP and the Ca^2+^ signaling pathways ([@r15]). Therefore, we tested if either pathway was activated in E, E/M, and xM cells. We could report that Ca^2+^-dependent downstream signaling was active in both E/M and xM cells, in contrast to E cells, as revealed by Western blot analysis using phospho-specific antibodies for functionally active PLCγ1 and PKCα, both downstream targets of Ca^2+^ signaling ([Fig. 4*G*](#fig04){ref-type="fig"}). Because Wnt5a was only expressed in xM cells, we looked for alternative activators of these two downstream effectors. In fact, Ca^2+^ signaling can also be activated by PDGFR in mesenchymal cells ([@r42]). Unlike Wnt5a, which was only expressed in xM cells, we demonstrated that PDGFR was expressed in both E/M and xM cells ([Fig. 4*G*](#fig04){ref-type="fig"}). This suggested the possibility, which we did not further pursue, that Ca^2+^ signaling was active independent of Wnt5a signaling in E/M cells, possibly through PDGFR signaling.

We proceeded to analyze the Wnt/PCP arm of noncanonical Wnt signaling. Wnt5a has been reported to activate Rac1, which triggers activation of JNK and, further downstream, phosphorylation and activation of c-Jun ([@r15]). When analyzing E, E/M, and xM cells, we found that only xM cells were actively signaling through Wnt/PCP because we observed elevated levels of active-Rac1 (determined by PAK-PBD pulldown), as well as activated p-JNK and p-c-Jun by Western blot analysis with phospho-specific antibodies ([Fig. 4 *F* and *G*](#fig04){ref-type="fig"}). To summarize, we could assign noncanonical Wnt/PCP signaling specifically to the fully xM mesenchymal phenotype, clearly distinguishing it from an E/M cell state.

We also investigated whether forced Wnt5a expression could act on its own to induce cells that were previously in the E/M state to transit into the xM state. To this end, we overexpressed Wnt5a ligand in a heterogeneous CD44^+^ M cell population containing subpopulations of E/M and xM cells to determine whether forced Wnt5A expression would drive a significant proportion of cells into xM phenotypic state. We did not observe a shift to an xM state by FACS analysis of CD104/CD44 marker expression, arguing that Wnt5a expression on its own is not sufficient for a phenotypic shift from the E/M to the xM state ([*SI Appendix*, Fig. S6*A*](https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1812876116/-/DCSupplemental)).

It was also of interest to determine whether ongoing Wnt5a expression was required to maintain residence of cells in the xM state. Therefore, we infected xM cells with several shWnt5A constructs and a control shLacZ. We saw a reduction of Wnt5a protein in all cells compared with control, with shWnt5A-1 being most effective with a knockdown of almost 100% efficiency ([Fig. 4*H*](#fig04){ref-type="fig"}). Furthermore, we detected a reexpression of Snail in both knockdown lines. Consistent with these data, we observed a shift from an xM phenotype to an E/M cell state in cells expressing the Wnt5a shRNA constructs ([Fig. 4*I*](#fig04){ref-type="fig"}). These data clearly indicated that autocrine noncanonical Wnt5A signaling contributed to and was necessary for the maintenance of residence in the xM cell state.

To summarize, we could demonstrate that the highly tumorigenic E/M state is driven by and dependent on canonical Wnt signaling. However, upon transition to the xM state, canonical Wnt signaling is down-regulated, and noncanonical Wnt signaling driven by Wnt5a/PCP signaling is activated and is necessary to maintain residence in this xM state.

Discussion {#s6}
==========

Using both expression vectors and gene knockouts, we have been able to generate a population of cells that resides stably in the hybrid E/M state as defined by their expression of the CD104 and CD44 markers. These cells were created by knockout of Zeb1 and forced overexpression of Snail. The resulting cell population was highly tumorigenic and lacked plasticity, being locked in the E/M state and unable to transit spontaneously into more E or more M states. This experimental model was able to provide direct evidence that residence in a hybrid E/M state was sufficient for maintenance of stem cell properties and that the associated stemness is exhibited independent of phenotypic plasticity.

The above experiments left several questions unanswered about the hybrid E/M cells created in this way. It is possible that this E/M cell population is itself internally heterogeneous and that use of other markers in addition to the CD104 and CD44 antigens may further stratify this E/M population and thereby resolve with far higher precision a more highly enriched or even pure subpopulation of CSCs. This notion is supported by recent data, which demonstrate that tumor cells proceed through various hybrid E/M states with differing invasive, metastatic, and differentiation characteristics ([@r43]).

xM or xE cell populations, generated either spontaneously or through experimental manipulation, show poor tumor-initiating ability. Consistent with these findings, we found that Zeb1 knockout suppressed tumorigenicity by preventing xE tumor cells from entering into an E/M state ([@r28]). Only through additional stimuli, achieved through overexpression of Snail, Twist, or Slug EMT-TFs or TGFβ-1 treatment, were Zeb1 KO cells able to advance to an E/M state. They were, however, not able to undergo a full EMT toward an xM state. Others also demonstrated in lung cancer cells, that Zeb1 KO was associated with reduced tumorigenicity and outgrowth of precursor lesions, invasion, and metastasis ([@r31]). A number of studies have further indicated that intravasation from the primary tumor and survival in the blood circulation require mesenchymal properties, whereas epithelial traits seem to be essential for the metastatic colonization of distant sites. Such reports have implied that a complete M phenotype without any option for transiting out of this state is incompatible with effective tumorigenesis and metastasis and that transient induction of an EMT program with subsequent ability of cells to transit freely between multiple E--M state leads to more aggressive phenotypes ([@r5][@r6]--[@r7], [@r18], [@r24]).

Our own results indicate that both E and M cell traits need to be coexpressed within individual carcinoma cells in order for efficient tumorigenicity to be acquired. Conversely, using comix experiments of nonplastic xE with nonplastic xM HMLER breast cancer cells, we demonstrated that these mixtures could not substitute for residence by carcinoma cells in the hybrid E/M phenotype. This indicated that the coexpression of E and M traits within individual cells, rather than the exchange of signals between E and M cells, is required for the tumor-initiating ability of carcinoma cells.

We show that high-level expression of Zeb1 ([Fig. 3*B*](#fig03){ref-type="fig"} and [*SI Appendix*, Fig. S5*A*](https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1812876116/-/DCSupplemental)) causes cells to complete an entire EMT program, driving them into the xM state that is incompatible with efficient tumor-initiating abilities. In contrast, knockout of the *ZEB1* gene together with forced expression of either Snail, Slug, or Twist or exposure to TGF-β1 causes cells to advance from a xE state to the hybrid E/M state; such cells are unable to continue progression into the xM state. The resulting entrance into and stable residence within the E/M state yielded cells that were ∼38-fold more tumorigenic than E-SCC control cells ([Fig. 3*D*](#fig03){ref-type="fig"}). Such cells retained competence to complete their EMT programs, since full EMT and entrance into the highly mesenchymal xM state could indeed be achieved by experimental reintroduction of Zeb1 and resulting restoration of Zeb1 function.

The present work also highlights the contrasting functions of the canonical and noncanonical Wnt signaling pathways. The canonical β-catenin--dependent Wnt signaling pathway has been associated with normal and neoplastic stem cell signaling ([@r11]). In our study, we observed active canonical Wnt signaling in the hybrid E/M cell state and an up-regulated expression of the canonical Wnt7a and Wnt7b ligands, which has been shown to drive autocrine Wnt/β-catenin signaling in pancreatic cancer ([@r44]). Moreover, we found that high Snail expression observed in the E/M cells and active canonical Wnt signaling go hand in hand. Indeed, the two have been proposed to form a positive feedback loop, whereby Snail has been reported to promote canonical Wnt target gene expression and to interact physically with β-catenin ([@r45], [@r46]). We find that the stem programs involving high Snail and canonical Wnt signaling coexist in the tumorigenic hybrid E/M state, providing further support for the notion that the E/M state harbors the majority if not virtually all of the breast cancer stem cell pool ([@r34], [@r37]).

Cells that transition through a complete EMT program into the xM state switch from canonical to noncanonical, Wnt/β-catenin--independent signaling, the latter involving Wnt5a/PCP signaling. Furthermore, our studies show that ongoing expression of the noncanonical ligand, Wnt5A, is necessary to maintain residence in the poorly tumorigenic xM state and that knockdown of Wnt5A expression enables such xM cells to revert to a hybrid E/M state in which other work has demonstrated that canonical Wnt signaling is active. We note here that the ability of noncanonical Wnt5a to inhibit canonical Wnt signaling has been established in various studies of disease and development, helping to explain the distinct, mutually exclusive E/M and xM states ([@r14], [@r47]).

The HMLER cells used in our studies form tumors that are similar to those forming triple-negative human breast cancers (TNBCs) ([@r19]). TNBC has been associated with dysregulated expression of both canonical and noncanonical Wnt signaling pathways ([@r48]) and displays tumor cells of various phenotypic stages of the EMT program ([@r49]). The present findings suggest that the design of future therapeutic approaches will need to consider the various distinct E and M subpopulations of carcinoma cells in these tumors, as well as the plasticity of such cells residing in different positions along the E--M spectrum. Efforts at targeting mesenchymal HMLER cells by reverting them back to a more differentiated epithelial phenotype have shown significant effects on tumor growth ([@r50], [@r51]). Several small molecules blocking Wnt signaling as well as decoy receptors antagonizing Wnt signaling, the latter employing Fc-fused-Fz8CRD ([@r17]), are currently in clinical trials. Indeed, as shown here, Fz8CRD expression also efficiently reduced tumor growth in the HMLER cell model. Therefore, we propose that a combination therapy of drugs promoting mesenchymal--epithelial transition (MET) together with Wnt signaling inhibitors targeting the aggressive/stem-like E/M state may prove effective in treating highly heterogeneous cancers such as TNBCs.

Materials and Methods {#s7}
=====================

Cell Lines and Culture Conditions. {#s8}
----------------------------------

HMLER and SUM149 cells were cultured as described ([@r19]). The generation of the different cell lines is outlined in detail in [*SI Appendix*, *SI Materials and Methods*](https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1812876116/-/DCSupplemental), including the plasmid and virus construction.

FACS Analyses and Sorting. {#s9}
--------------------------

HMLER cells were trypsinized and tumors dissociated using a tumor isolation kit (Milteny). One million single cells in suspensions per 100 µL were stained with appropriate antibody dilution ([*SI Appendix*, *SI Materials and Methods*](https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1812876116/-/DCSupplemental)) in 2% IFS/PBS for 15--30 min RT in the dark. DAPI was used for live--dead analysis. Cells were directly resuspended in PBS and analyzed on a LSRII flow and sorted on a FACS Aria (BD Biosciences). Data were analyzed using the FlowJo software (Tree Star). To purify the CD104^+^ and CD104^−^ populations the top 5% of the positive and negative spectrum were isolated.

RNA-Seq. {#s10}
--------

Q-PCR was performed as described before ([@r19]) ([*SI Appendix*, *Supplementary Materials and Methods*](https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1812876116/-/DCSupplemental)). RNA-Seq libraries were prepared using the TruSeq-stranded polA mRNA kits (Illumina). Libraries were pooled and sequenced on the HiSeq 2500 sequencer, 40 bp reads to a depth of ∼40--45 million mapped. RNA-Seq data from this study have been deposited at GEO under accession number GSE119149. RNA-Seq paired-end reads from Illumina 1.5 encoding were aligned using TopHat (v.2.0.12) ([@r52]) to the human genome (GRCh37) with Ensemble annotation (GRCh37.75) in gtf format. Differentially expressed genes were hierarchical clustered using uncentered correlation in Cluster3 ([@r53]) on z-scores obtained from normalized counts. Clusters were analyzed for significant overrepresentation of GO terms. Significantly changing EMT-TFs and Wnt ligands and receptors were grouped manually.

Active-Rac1-Pulldown, Nuclear Fractionation, and Western Blotting. {#s11}
------------------------------------------------------------------

Active-Rac1-pulldown with PAK-PBD agarose beads was performed using the Rac1 Activation Assay following manufacturer's instructions (Cell Biolabs). Nuclear fractionation and Western blotting details are described in [*SI Appendix*, *SI Materials and Methods*](https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1812876116/-/DCSupplemental).

IF and Histology Analysis. {#s12}
--------------------------

IF analyses on cells and tissues were performed as described before ([@r54], [@r55]) and outlined in [*SI Appendix*, *SI Materials and Methods*](https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1812876116/-/DCSupplemental). For Zeb1 staining on tissues an amplification step using the TSA Plus Kit (PerkinElmer) was performed according to manufactures instructions. Slides were mounted in ProLong Gold antifade reagent (Invitrogen).

Animal Studies. {#s13}
---------------

All studies involving animals have been approved and complied with the guidelines of the Massachusetts Institute of Technology (MIT) Committee on Animal Care. For orthotopic xenograft transplants, 100,000 cells in 20% matrigel/MEGM were injected into NOD/SCID mice into the mammary fat pad. For limiting dilution assays, 1 million, 100,000, and 10,000 cells in 20% matrigel/MEGM were injected s.c. into NOD/SCID mice. Tumors were extracted after 8 wk and analyzed by weight, size, and single-cell FACS analysis. The in vivo Dox treatment was administered through drinking water containing 2 mg/mL Dox and 10 mg/mL sucrose.
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